Dynamics of CD11c(+) dendritic cell subsets in lymph nodes draining the site of intestinal nematode infection by Balic, Adam et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dynamics of CD11c(+) dendritic cell subsets in lymph nodes
draining the site of intestinal nematode infection
Citation for published version:
Balic, A, Smith, KA, Harcus, Y & Maizels, RM 2009, 'Dynamics of CD11c(+) dendritic cell subsets in lymph
nodes draining the site of intestinal nematode infection' Immunology Letters, vol 127, no. 1, pp. 68-75. DOI:
10.1016/j.imlet.2009.09.001
Digital Object Identifier (DOI):
10.1016/j.imlet.2009.09.001
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Immunology Letters
Publisher Rights Statement:
Available under Open Access
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 28. Apr. 2017
Immunology Letters 127 (2009) 68–75
Contents lists available at ScienceDirect
Immunology Letters
journa l homepage: www.e lsev ier .com/ locate /
Dynamics of CD11c+ dendritic cell subsets in lymph nodes draining the site of
intestinal nematode infection
Adam Balic1,2, Katherine A. Smith2, Yvonne Harcus, Rick M. Maizels ∗
Institute of Immunology and Infection Research, University of Edinburgh, West Mains Road, Edinburgh EH9 3JT, UK
a r t i c l e i n f o
Article history:
Received 23 February 2009
Received in revised form 21 August 2009
Accepted 8 September 2009
Available online 18 September 2009
Keywords:
Cytokines
Helminth infection
Migration
Mucosal immunity
a b s t r a c t
Helminth parasites drive dominant Th2 responses through an as yet unidentiﬁed pathway. We have pre-
viously shown that the rodent gastrointestinal nematode Nippostrongylus brasiliensis secretes products
which selectively activate in vitro-derived dendritic cells to induce Th2 responses on in vivo transfer.
We now show that, during active infection with this parasite, the draining mesenteric lymph node den-
dritic cell population is altered signiﬁcantly. Although there is substantial expansion of DC numbers
during infection, the CD86hi-CD8int-CD11b− subset is markedly diminished, and expression levels of
CD40, CD86 and CD103 are reduced. Notably, the reduced frequency of CD8int DCs is evident only in
those mesenteric lymph nodes draining the anterior site of infestation. In infections with the longer
lived Heligmosomoides polygyrus, the proportion of CD8int DCs in the MLNC falls to below 10% of total
DC numbers by 35 days post-infection. Further, infection alters TLR responsiveness, as IL-12 production
(as measured by ex vivo intracellular staining of CD11c+ DCs) in response to LPS stimulation is reduced,
while IL-6, TNF- and in particular, IL-10 all increase following infection with either nematode parasite.
These changes suggest the possibility that helminth parasites modulate gastrointestinal immunity both
by inhibiting migration of CD8int DCs to the draining lymph nodes, and modifying DC responsiveness
in a manner which favours a Th2 outcome.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Intestinal nematode infections are extraordinarily prevalent in
the global human population [1,2] and are, like other helminth
parasitisms, closely associated with Th2-dominated immune
responses [3–7]. While Th2-mediated mechanisms can often cause
expulsion of intestinal helminths, the precise pathways differ from
one species to another, presumably because each parasite has
evolved a unique evasion strategy which is optimally adapted
to a particular niche within the host [8]. In mice, for example,
Nippostrongylus brasiliensis is a potent stimulator of Th2-skewed
immunity [9–11], and mice are able to expel this parasite through
an IL-4/IL-13, STAT-6-dependent pathway involving intestinal gob-
let cell proliferation and mucus production [12]. In contrast,
Heligmosomoides polygyrus elicits a combination of Th2 and Treg
responses [7,13–15] which result in chronic infection, and only
after drug-induced clearance is immunity to re-infection apparent,
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mediated by IL-4R-dependent alternatively activatedmacrophages
[8,16].
Immune responsiveness to parasite infection is critically inﬂu-
enced by dendritic cell (DC) recognition and activation following
encounter with invading organisms [17]. For example, DC-derived
IL-12 is an essential initiating factor for the protective Th1 response
in Toxoplasma gondii protozoal infections [18]. However, there
is relatively little information on the proﬁle of dendritic cells in
vivo following exposure to nematode parasites. We have previ-
ously demonstrated that DCs exposed in vitro to antigens from N.
brasiliensis show suppressed IL-12p70 responsiveness and elicit,
on transfer to a naïve host, a dominant Th2 response [19]. Sim-
ilar experiments with products from other helminths show that
IL-12p70 down-regulation may be a common feature of the host
immune response to metazoan parasites [20–22]. Hence, Th2
responsiveness may represent a programmed reaction of DCs to
helminth pathogen-associated molecular patterns, in order to pro-
mote potentially protective Th2-associated immune mechanisms.
However, it is not yet known whether the DC populations in situ
during a helminth infection are indeed actively promoting Th2
responsiveness or if (for example) granulocyte or other populations
are acting in a decisive way [23].
The gastrointestinal tract is the most extensive mucosal inter-
face in themammalianbody, and is richlyendowedwith specialised
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DC populations [24–26]. CD11c+ DCs are widely distributed across
the lamina propria (LP, underlying the epithelial layer in the intes-
tine), Peyer’s Patches (PP, lymphoid tissue directly attached to
the gut) and a longitudinal series of mesenteric lymph nodes
(MLN, which drain the intestinal tissues), with each locale com-
prising distinctive proﬁles of DC populations. LP DC comprises
two phenotypes (myeloid-like CD11bhiCD8− and lymphoid-like
CD11bloCD8int); the latter reported to be an LP-speciﬁc subset
[27,28] which migrate to the MLN in a CCR7-dependent manner
[28]. The PP also include myeloid and lymphoid DCs, although the
latter are CD8hi, aswell as double-negative (DN) CD11c+ DCs lack-
ing both CD11b or CD8 [27,29,30]. Within the MLN, each of these
populations can be found in a steady-state [31]; however, the inﬂux
of CD8int DCs from the LP is greatly expanded following generic
adjuvant-aided stimulation, for example with cholera toxin [32].
Most recently, attention has been drawn to the CD103-expressing
subset of mucosal DCs, which induce T cells to express trafﬁcking
receptors for entry intogut tissues [33], produce retinoic acidwhich
favours regulatory T cell induction [34] and, in contrast to CD103−
DCs, are able to take up orally delivered antigens for presentation
to both CD4+ and CD8+ T cells [35].
It is known that themesenteric lymphnode is a critical locale for
DC–T cell interactions [36,37], so that DC populations found in this
tissue are likely to be of paramount importance to the outcome of
intestinal nematode infections. We therefore investigated changes
toMLNDCs following infectionwithN. brasiliensis andH. polygyrus,
with respect to both the phenotypic subsets present over time, and
the functional capacity of these DCs to produce cytokines known to
be important in determining the Th1/Th2 balance of the immune
response.
2. Materials and methods
2.1. Mice and parasites
BALB/c and C57BL/6mice, 6–8weeks of age, were bred in-house
and maintained according to Home Ofﬁce guidelines. N. brasiliensis
parasites were maintained as previously described [9,38]. Infec-
tionswere performedwith 300 L3 s.c. and lymphnodes and spleens
recovered 7 days later. H. polygyrus parasites were maintained as
previously described [13]; mice were infected with 200 L3 by oral
gavage, and lymph nodes and spleens recovered 1–5 weeks later.
2.2. DC puriﬁcation
Mesenteric LNs, popliteal LNs, spleen and Peyer’s Patches were
recovered and placed in 5ml of RPMI1640 (Gibco) and mechan-
ically disrupted with scalpel blades in the presence of 0.1mg/ml
DNase I (Sigma). This preparation was then passed through a cell
strainer tomake single cell suspensions. Enrichment forDCpopula-
tions was then performed by positive selection on Miltentyi Biotec
CD11c-MACS beads. For experiments testing cytokine responsive-
ness to TLR ligation, spleens and lymph nodes were treated with
liberase CI for 25min and EDTA for 5min before homogenisation
and positive selection on CD11c MACS beads. Typically magnetic
sorting produced a population at least 80% CD11c+.
2.3. Analysis of DC surface markers and intracellular cytokines
Expression of DC surface markers after puriﬁcation was
determined by ﬂow cytometry using FITC-conjugated anti-
CD11c, PE-conjugated anti-CD8, anti-CD40, anti-CD80, anti-
CD86, anti-MHC-II or biotin-conjugated anti-CD8, anti-CD11b,
anti-CD103, anti-CD295 (DEC205), anti-B220 mAbs, followed by
APC-strepavidin staining. All mAb were purchased from BD
PharMingen. Samples were analyzed using a FACSCalibur ﬂow
cytometer and FlowJo software package (Tree Star). Intracellu-
lar cytokines were detected by stimulating DC with 1g/ml LPS
as described previously [19] for 6h in the presence of 20g/ml
Brefeldin A (Sigma, UK). After 6h the cells were stained for surface
CD11c as described above, ﬁxed using a Cytoﬁx/Cytoperm PlusTM
kit (PharMingen) and intracellular IL-6, IL-12 or TNF- detected
using PE-conjugated mAb and the PharMingen Cytoﬁx/Cytoperm
kit as per manufacturer’s instructions. After staining cells were
analysed by ﬂow cytometry using a FACSCalibur ﬂow cytometer
and FlowJo software. DCs were identiﬁed as CD11c+, viable cells.
2.4. ELISA
Cytokines released into culture supernatants were measured by
ELISA using capture/detection combinations speciﬁc for IL-6, IL-10
and TNF- as previously described [19]. Cytokine concentrations
were determined by reference to a standard curve of these media-
tors.
3. Results
3.1. DC subsets in the mesenteric lymph nodes
Subpopulations of DCs in themesenteric lymphnodes (MLNs) of
mice are known to sharemany propertieswith, and show somedif-
ferences from, DCs in other immunological tissues [27,28,31]. We
ﬁrst established the proﬁle of MLN DCs within our colony of BALB/c
mice, in comparison to spleen, popliteal lymph node, and Peyer’s
Patches, enriching for CD11c+ populations by magnetic bead sort-
ing. As shown in Fig. 1A, the lymph nodes are relatively rich in cells
expressing high levels of CD40, which are infrequent in spleen and
PP. Moreover, within the CD11c+CD40+ population from each lym-
phoid organ (circled in Fig. 1A), a major CD8intCD40hi subset is
present only in the lymph nodes (Fig. 1B). Further analysis within
the MLN population, gating by CD40 expression (Fig. 1C), conﬁrms
that the CD40hi subset are largely lymphoid in type, being CD8int
and CD11b−; this subset is also B220− (data not shown). Myeloid
DCs, expressing CD11b, aremostly found in the CD40-intermediate
gate. In contrast the CD40− population show a B220+ plasmacytoid
phenotype.
MLN DCs were also analysed according to their levels of CD86
expression (Fig. 2A). The CD86hi population predominantly dis-
played a CD8int phenotype, and this population was largely
CD11b− (Fig. 2B). The CD86int population, which were CD11chi,
comprised a mixture of CD8hi and CD8− (Fig. 2C). In contrast,
the CD86 low/negative cell subset were plasmacytoid in charac-
ter, being B220hi (Fig. 2D) and CD11b− (Fig. 2E). This latter subset
divides evenly into CD8− and CD8hi expressing cells.
3.2. Response to N. brasiliensis infection
N. brasiliensis causes a short-lived infection of the anterior small
intestine, commencing 48h after entry of skin-penetrating larvae
into rodents, and concludingwith the immune-mediated expulsion
of adult worms 5–7 days following infection. During this time, we
noted that theMLNexpands2–3-fold in cell numbers,withinwhich
a constant proportion ofDCs ismaintained (Fig. 3A). AlthoughCD80
and MHCII remained unaltered, there was a clear diminution in
CD40 and CD86 expression levels within the CD11c+ DC popula-
tion with fewer high-expressing CD40 and CD86 cells (Fig. 3B).
This loss was reﬂected in signiﬁcant reductions in intensity of sur-
face staining for these two markers on DCs from infected mice
(Fig. 3C). Interestingly, the reduction in CD86 could be accounted
for by a paucity of CD86hiCD8int cells, which are relatively dimin-
ished following infection (Fig. 3D). In the case of CD40, a downshift
in expression was detectable on CD8lo and CD8hi populations
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Fig. 1. DC subsets in the mesenteric lymph node and other lymphoid tissues. (A) CD11c+ MACS column-enriched DC populations from naïve mesenteric lymph node (MLN),
Peyer’s Patches, spleen and popliteal lymph node (PLN) were stained with anti-CD40 and anti-CD11c. Red ovals delineate lymphoid/myeloid DC populations analyzed in (B)
below. (B) CD11c+ DC subpopulations analyzed for CD8a and CD40 from the same tissues. Note the presence of CD8 intermediate (CD8int) CD40 high (CD40hi) populations
only in the lymph nodes. (C) Subpopulations of MLN CD11c+ DCs, as shown in (A) above, gated as shown in left panel, representing predominantly lymphoid DCs (blue),
myeloid DCs (red) and plasmacytoid DCs (green). Gated populations were analysed for CD8 and CD11b (blue and red gates), and for B220 (green gate).
Fig. 2. DCs expressing high levels of CD86 are primarily CD8int lymphoid DCs. (A) CD11c+ MACS column-enriched DCs were stained with anti-CD86 and CD11c, and gated
according to high (blue oval), intermediate (red oval) or low (green oval) CD86 expression. (B) Co-staining with anti-CD8, CD11b shows that the CD86hi subset are largely
CD8intCD11b− lymphoid DCs. (C) Co-staining with anti-CD8, CD11b shows that the CD86int population combines myeloid (CD11b+) and CD8hi lymphoid cells; both
populations are B220− (not shown). (D) CD86− cells are uniformly B220+. (E) CD86− cells are CD11b− , but are heterogeneous with respect to CD8a expression.
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Fig. 3. MLN DCs following 7 days of Nippostrongylus brasiliensis infection. (A) Expansion of lymph node cell numbers during infection; left panel shows total CD11c+ numbers
in MLNs from naïve mice and from mice taken 7 days following N. brasiliensis infection. Right panel shows percentage of CD11c+ cells within total MLN populations in each
group of mice. (B) CD11c+ DCs following N. brasiliensis infection (grey ﬁll) show diminished CD40 and CD86 expression, but unaltered CD80 or MHC class II expression.
(C) Differences in geometric mean ﬂuorescence intensity for CD40 and CD86 staining between MLN CD11c+ DCs from naïve mice and from mice taken 7 days following N.
brasiliensis infection. (D) Frequency of CD8intCD86hi cells is reduced following N. brasiliensis infection. (E) Within the CD8 subpopulations, N. brasiliensis infection (grey ﬁll),
has a differential effect on peak CD40 expression.
(Fig. 3E), which in combination with their higher frequency follow-
ing infection (Fig. 3D) and their lower consitutive levels of CD40
(Fig. 1), reduces the overall intensity of this marker within the MLN
DC population. As MLNs expand at least twofold within 7 days of
infection, the diminution of CD8int DCs could reﬂect either out-
growth by other cell types, or poor recruitment of this subset from
the lamina propria.
3.3. Changes to DC populations are related to the site of infection
BecauseN. brasiliensis infests the anterior part of the small intes-
tine, we compared the changes in DC subsets in the anterior and
posterior lymph nodes, as deﬁned in Fig. 4A. It is important to
note that the longitudinal organisation of the gut lymphoid tis-
sue involves a series of mesenteric lymph nodes which each drain
successive sections of the gastrointestinal tract. We isolated DCs
from the anterior and mid-sections of the MLNs, draining the site
of infection, and compared them to the posterior LNs, which are
also exposed to a higher level of bacterial colonisation (Fig. 4B).
Expression of CD11b was broadly similar in anterior and posterior
LNs, and was not greatly altered by infection (Fig. 4C, E). However,
CD8int DCs were more prominent in anterior MLNs, and this phe-
notypic subset showed the greatest difference between naïve and
infected mice. Hence, the reduction in CD8int cells was observed
only in the nodes directly draining the site of infection, and not in
the more posterior sites.
3.4. Reductions in CD103 and CD205 accompany loss of CD8˛int
DCs
The diminished presence of CD8int DCs in infection had further
consequences for the expression of a range of important surface
molecules amongmucosal DCs. In naïveMLN, CD8int cells express
the highest levels of CD103, and overall levels are reduced within 7
days ofN. brasiliensis infection (Fig. 5A). Similar reductions are seen
in CD205 (DEC-205, Fig. 5B) as well as L-selectin (data not shown).
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Fig. 4. Reduction in CD8int frequency is localised to nodes draining the site of infection. (A) Gut of BALB/c naïve mouse. Blue polygon=anterior nodes, Green oval =posterior
nodes, S = stomach, L = liver, D=duodenum, J = jejuenum, I = ileum, C= caecum. (B) Lymph nodes dissected out from the same specimen. (C–F) Naïve (red) and N. brasiliensis-
infected (blue) MLN DC were recovered separately from anterior and posterior nodes. Note decrease in CD8int DC only in the anterior nodes, which drain the site of
infestation. Grey line shows isotype control.
To investigate whether the relative loss of CD8int cells over 7
dayswouldaccentuate in a longer termnematode infection,wealso
studied mice carrying chronic H. polygyrus infection. At 5 weeks
post-infection, when the duodenum is chronically infected with
this parasite, theMLN showan almost complete absence of CD8int
(Fig. 5B), effectively removing the highest CD86-expressing cells
from the MLN (data not shown). The loss of lymphoid CD8int
DCs was also found to be equally profound in BALB/c and C57BL/6
strains of mice (Fig. 5C).
3.5. Altered cytokine responses to TLR stimulation in infection
To assess the functional properties of MLN DCs from uninfected
and infected mice, MACS-enriched CD11c+ DCs were challenged in
vitro with the TLR4 ligand LPS, and subsequently stained for intra-
cellular expression of IL-6, IL-12 and TNF- (Fig. 6). IL-12 responses
were reduced in DCs from mice infected with either N. brasiliensis
or H. polygyrus. In the case of DCs from H. polygyrus-infected mice,
therewas amarkedenhancementof IL-6 andTNF- responsiveness
(Fig. 6).
In further experiments, cytokines released into the culture
supernatants were measured. DCs from mice infected with either
nematode parasite secreted signiﬁcantly more IL-6, IL-10 and TNF-
 into the medium, with the largest relative increase observed for
secretion of IL-10 (Fig. 7). Similar trends were seen in both MLN
and spleen (data not shown), but the magnitude of the effect was
larger and reachedhigher levels of signiﬁcance in theMLN samples.
Interestingly, inhibition of DC IL-12 production and enhancement
of IL-6 responses has previously been reported for stimulation of
bone marrow-derived murine DCs by the secreted protein fraction
of N. brasiliensis [19], while H. polygyrus secretions have also been
shown to inhibit TLR-dependent IL-12 responses of murine DCs
[21].
4. Discussion
The intestinal environment is remarkable for its ability to main-
tain homeostasis in the face of abundant foreign antigenic material
in the form of food proteins and commensal bacteria, via the induc-
tion of oral tolerance. At the same time, the immune system must
remain alert to the entry of pathogens, and sentinel DCs in the
intestine retain the capacity to stimulate strong immune responses
when this may be appropriate [24,39]. The ingress of parasitic
helminths represents an interesting, and unexplored, challenge to
the discriminatory powers of the immune system. We report here
that the MLN DC population responds quickly to helminth infec-
tion, with marked changes in subset distribution and capacity to
produce cytokines in response to stimulation.
A central and fascinating question in mucosal immunology
revolves around the function and interrelationship of DC sub-
populations in the gastrointestinal tract [25,26,40]. While most
DCs conform to stereotypical myeloid (CD11b+CD8−), lymphoid
(CD11b−CD8+) or plasmacytoid (B220+) subsets [41,42], the
mesenteric lymph nodes contain a lamina propria-derived migra-
tory DC population described as CD8int [27,28,32,43]. In contrast,
the CD8− and CD8hi DC subpopulations in the MLN may repre-
sent DC recruited from the blood [32,43] or PP [28], or may arise by
local proliferation in the LN [35].
Recently oral tolerance to soluble antigens has been shown to
be due to the migration of LP DC to the MLN via the afferent lym-
phatics not due to contributions from the PP or other gut associated
secondary lymphoid tissue [37]. CCR7 deﬁcient mice have normal
numbers of DC in the LP, but dramatically reduced numbers of all
DC subpopulations in the MLN [37]. Therefore, our ﬁnding that the
CD8int type is, in relative terms, depleted in nematode infection
is of particular interest: ﬁrstly, it implies that parasites may inter-
fere speciﬁcallywith themigratorypotential of laminapropriaDCs;
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Fig. 5. Effect of infections on the distribution of DC subpopulations. (A) CD103 and CD205 (DEC205) expression in CD11c+ DCs, plotted against CD8 expression Numbers
represent percentage of total cells within the indicated gates. (B) Comparative effect of N. brasiliensis and Heligmosomoides polygyrus infection on CD11c+ DC CD8, CD86
expression. MLN DCs were analysed at 7 and 35 days of infection, respectively. (C) Strain-independence of loss of CD8int in chronic H. polygyrus infection.
and secondly, these data indicate that the CD8int phenotype is
a distinct population rather than a low-expressing variant of the
conventional lymphoid subset.
The possibility that CD8int DCs convert into another pheno-
type over time, or according to their tissue environment, is not
supported by experimental data. Experiments that have tracked
peripheral antigen uptake to the local draining lymph node have
demonstrated that the antigen containing DC are CD8int, with no
labelling of the CD8hi subpopulation [43], suggesting that CD8int
cells do not convert to a CD8hi phenotype, at least while ingested
antigen is detectable. Moreover, administration of oral adjuvant
which causes a large increase in CD8int DC emigration from the
gut to the MLN does not result in a subsequent increase in CD8hi
DC [32], again suggesting that the CD8int subpopulation is not
converting into the CD8hi population. Conversely, infection with
mouse mammary tumour virus which blocks migration of DC from
the skin, results in a massive increase in the absolute number of
blood-borne CD8− and CD8hi DC in the local draining lymph
nodewith no effect on CD8int numbers [43]. Taken together, these
data suggest that during steady state and infection, CD8int and
CD8hi DC subpopulations are independent.
Tissue-derived migratory DCs have also been characterised by
expression of surfaces markers such as CD103 [35] and CD205
[44]. In the intestinal setting, CD103+ DCs migrate from the lam-
ina propria (LP) to the MLNs in a CCR7-dependent manner [28];
this DC subset produces retinoic acid and promotes the generation
of Foxp3+ regulatory T cells [34]. Because in both N. brasiliensis and
H. polygyrus infections, there is relative decline of the CD8int sub-
populationwhich express the highest levels of CD103 and CD205, it
appears that the DC response in the MLN to gastrointestinal nema-
tode parasites is dominated by an increase in resident lymphoid DC
subpopulations, and not by increased recruitment of DC from the
site of infection.
More generally, we have shown that MLN DCs from infected
mice are functionally shifted away fromTh1-type cytokine produc-
tion (in terms of IL-12) and towards a Th2/regulatory proﬁle with
enhanced IL-10 release in vitro. In similar experiments, it has been
reported that DCs from H. polygyrus-infected mice (taken as a pool
of spleen and MLNC) were able to inhibit the Th1 response to bac-
terial infection on adoptive transfer [45]. Although these authors
did not describe the CD8 expression proﬁle, their cells correspond
closely to those we show here that lack the CD8int population
(Fig. 5C).
The inﬂammatory response in the gut during N. brasiliensis has
been reported to be localised to the site of infection [46]. In the
present study a reduction in tissue-derived migratory CD8int was
conﬁned to the anterior MLN, which drain the anterior duodenal
site of infestation. Thus, changes in DC migration from the small
intestine were localised in a linear fashion even within the small
intestine. This in turn suggests either that parasite antigens do
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Fig. 6. Intracellular cytokine responses of DCpopulations to TLR ligation.MLN fromC57BL/6micewere taken 7 days following infectionwithN. brasiliensis (Nb) orH. polygyrus
(Hp). Organs were harvested, treated with liberase CI for 25min and EDTA for 5min, then homogenised and labelled with CD11c microbeads (Miltenyi) before selecting on
a LS column. Following selection, CD11c+ cells were counted, plated at 105/well with 1g/ml LPS and 20g/ml brefeldin A for 6h. Cells were then harvested and stained
intracellularly with PE-conjugated IL-6, TNF-, IL-12p40/70, or an isotype control (IgG1). Left hand panels show representative ﬂow cytometry plots of intracellular staining
against autoﬂuorescence measured in the FITC channel, for LPS-stimulated DCs; right hand panels show data from individual mice, and include unstimulated control cells
cultured in the absence of LPS. *p<0.05, **p<0.01, ***p<0.001. Data presented are representative of two experiments with similar results.
not reach the posterior small intestine, or that the change in DC
population dynamics we report are a consequence both of anti-
gens secreted by the parasite, and of the inﬂammatory response
associated with parasite feeding on the mucosa.
Importantly, in different helminth contexts, the suppression of
IL-12 production appears to be a common theme [19–22] which
may be particularly signiﬁcant in terms of mitigating inﬂammation
caused by bacterial exposure in invaded gut tissue. Because com-
mensal bacteria are sparse in the stomach, duodenumand jejunum,
and progressively more abundant through the distal ileum and
colon, there may be contrasting microbiological inﬂuences on dif-
ferent nodes, and thismaywell underlie the regionalisation of both
steady-state DC populations, and their response to infection, as
noted above.
Tissue-derived migratory DCs have a central function in antigen
presentation of orally delivered soluble antigen and the main-
Fig. 7. Cytokine release by DCs from naïve and infected MLNs. Spleens and MLN from C57BL/6 mice were taken 7 days following infection with N. brasiliensis (Nb) or H.
polygyrus (Hp), and CD11c+ DCs isolated as described in the legend to Fig. 6. CD11c+ cells, pooled from 4 to 6 mice per group, were plated in triplicate at 104/well with or
without 1g/ml LPS and supernatants harvested 72h later before analysing by ELISA. Similar results, but lower magnitude responses, were obtained from parallel cultures
of splenic DCs (data not shown). Data presented are representative of two experiments with similar results. **p<0.01; ***p<0.001.
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tenance of immunological tolerance. Interestingly, this requires
migration from the LP to the MLN, while the failure of CD8int
DCs to expand in number implies that this trafﬁcking is inhibited
in gastrointestinal nematode infection. Since delivery of commen-
sal antigen to MLN is considered to be essential for oral tolerance
[37], it is possible that infection interrupts oral tolerance thereby
explaining a long-standing observation in N. brasiliensis [47]. Pos-
sibly, the changes in DC dynamics favour the evolution of a Th2
response in the gut, which in the case of N. brasiliensis can expel
the parasite within 5–7 days of infection. However, an unanswered
question is whether the DC populations present after a longer
period of chronic infection (28 days in the case of H. polygyrus)
are involved in the generation of regulatory T cells, which in this
infection are known to be expanded in number and in functional
capacity [13–15]. As oral tolerance to soluble antigen requires the
migration of LP DC to the MLN and conversely chronic H. polygyrus
infection may block migration of LP DC to the MLN, it implies that
the mechanism(s) by which regulatory T cells are induced during
chronic nematode infection have different requirements than the
induction of oral tolerance. In future work, a broader set of poten-
tial APC populations will need to be assessed for regulatory T cell
induction, including plasmacytoid DCs [48], B cells and alterna-
tively activated macrophages [49]. These studies are now under
way in our laboratory.
References
[1] de Silva NR, Brooker S, Hotez PJ, Montresor A, Engels D, Savioli L. Soil-
transmitted helminth infections: updating the global picture. Trends Parasitol
2003;19:547–51.
[2] HotezPJ, BrindleyPJ, Bethony JM,KingCH, PearceEJ, Jacobson J.Helminth infec-
tions: the great neglected tropical diseases. J Clin Invest 2008;118:1311–21.
[3] Else KJ, Finkelman FD, Maliszewski CR, Grencis RK. Cytokine-mediated regula-
tion of chronic intestinal helminth infection. J Exp Med 1994;179:347–51.
[4] Maizels RM, Yazdanbakhsh M. Regulation of the immune response by
helminth parasites: cellular and molecular mechanisms. Nat Rev Immunol
2003;3:733–43.
[5] Turner J, Faulkner H, Kamgno J, Cormont F, Van Snick J, Else K, et al. Th2
cytokines are associated with reduced worm burdens in a human intestinal
helminth infection. J Infect Dis 2003;188:1768–75.
[6] Quinnell RJ, Bethony J, Pritchard DI. The immunoepidemiology of human hook-
worm infection. Parasite Immunol 2004;26:443–54.
[7] Mohrs K, Harris DP, Lund FE, Mohrs M. Systemic dissemination and persistence
of Th2 and type 2 cells in response to infection with a strictly enteric nematode
parasite. J Immunol 2005;175:5306–13.
[8] Patel N, Kreider T, Urban Jr JF, Gause WC. Characterisation of effector
mechanisms at the host:parasite interface during the immune response to
tissue-dwelling intestinal nematode parasites. Int J Parasitol 2009;39:13–21.
[9] Lawrence RA, Gray C, Osborne J, Maizels RM. Nippostrongylus brasiliensis:
cytokine responses and nematode expulsion in normal and IL4-deﬁcient mice.
Exp Parasitol 1996;84:65–73.
[10] HollandMJ,HarcusYM,RichesPL,MaizelsRM.Proteins secretedby theparasitic
nematode Nippostrongylus brasiliensis act as adjuvants for Th2 responses. Eur J
Immunol 2000;30:1977–87.
[11] Voehringer D, Shinkai K, Locksley RM. Type 2 immunity reﬂects orchestrated
recruitment of cells committed to IL-4 production. Immunity 2004;20:267–77.
[12] Urban Jr JF, Noben-TrauthN,DonaldsonDD,MaddenKB,Morris SC, CollinsM, et
al. IL-13, IL-4R and Stat6 are required for the expulsion of the gastrointestinal
nematode parasite Nippostrongylus brasiliensis. Immunity 1998;8:255–64.
[13] Wilson MS, Taylor M, Balic A, Finney CAM, Lamb JR, Maizels RM. Suppression
of allergic airway inﬂammation by helminth-induced regulatory T cells. J Exp
Med 2005;202:1199–212.
[14] Finney CA, Taylor MD, Wilson MS, Maizels RM. Expansion and activation of
CD4+CD25+ regulatory T cells in Heligmosomoides polygyrus infection. Eur J
Immunol 2007;37:1874–86.
[15] Rausch S, Huehn J, Kirchhoff D, Rzepecka J, Schnoeller C, Pillai S, et al. Functional
analysis of effector and regulatory T cells in a parasitic nematode infection.
Infect Immun 2008;76:1908–19.
[16] Anthony RM, Rutitzky LI, Urban Jr JF, Stadecker MJ, Gause WC. Protective
immune mechanisms in helminth infection. Nat Rev Immunol 2007;7:975–87.
[17] Reis e Sousa C. Dendritic cells as sensors of infection. Immunity 2001;14:495–8.
[18] Aliberti J, Jankovic D, Sher A. Turning it on and off: regulation of dendritic cell
function in Toxoplasma gondii infection. Immunol Rev 2004;201:26–34.
[19] Balic A, Harcus Y, Holland MJ, Maizels RM. Selective maturation of dendritic
cells by Nippostrongylus brasiliensis secreted proteins drives T helper type 2
immune responses. Eur J Immunol 2004;34:3047–59.
[20] Cervi L,MacDonaldAS,KaneC,Dzierszinski F, PearceEJ.Dendritic cells copulsed
with microbial and helminth antigens undergo modiﬁed maturation, segre-
gate the antigens to distinct intracellular compartments, and concurrently
induce microbe-speciﬁc Th1 and helminth-speciﬁc Th2 responses. J Immunol
2004;172:2016–20.
[21] SeguraM,SuZ, PiccirilloC, StevensonMM. Impairmentofdendritic cell function
by excretory-secretory products: a potential mechanism for nematode-
induced immunosuppression. Eur J Immunol 2007;37:1887–904.
[22] MacDonald AS, Maizels RM. Alarming dendritic cells for Th2 induction. J Exp
Med 2008;205:13–7.
[23] Voehringer D, Reese TA, Huang X, Shinkai K, Locksley RM. Type 2 immunity
is controlled by IL-4/IL-13 expression in hematopoietic non-eosinophil cells of
the innate immune system. J Exp Med 2006;203:1435–46.
[24] Mowat AM. Anatomical basis of tolerance and immunity to intestinal antigens.
Nat Rev Immunol 2003;3:331–41.
[25] Iwasaki A. Mucosal dendritic cells. Annu Rev Immunol 2007;25:381–418.
[26] Coombes JL, Powrie F. Dendritic cells in intestinal immune regulation. Nat Rev
Immunol 2008;8:435–46.
[27] Anjuère F,Martin P, Ferrero I, FragaML, del HoyoGM,Wright N, et al. Deﬁnition
of dendritic cell subpopulations present in the spleen, Peyer’s Patches, lymph
nodes, and skin of the mouse. Blood 1999;93:590–8.
[28] Jang MH, Sougawa N, Tanaka T, Hirata T, Hiroi T, Tohya K, et al. CCR7 is criti-
cally important for migration of dendritic cells in intestinal lamina propria to
mesenteric lymph nodes. J Immunol 2006;176:803–10.
[29] Iwasaki A, Kelsall BL. Localization of distinct Peyer’s Patch dendritic cell sub-
sets and their recruitment by chemokines macrophage inﬂammatory protein
(MIP)-3alpha,MIP-3beta, and secondary lymphoidorgan chemokine. J ExpMed
2000;191:1381–94.
[30] Iwasaki A, Kelsall BL. Unique functions of CD11b+, CD8+, and double-negative
Peyer’s Patch dendritic cells. J Immunol 2001;166:4884–90.
[31] Henri S, Vremec D, Kamath A, Waithman J, Williams S, Benoist C, et al. The
dendritic cell populations of mouse lymph nodes. J Immunol 2001;167:741–8.
[32] Anjuère F, Luci C, Lebens M, Rousseau D, Hervouet C, Milon G, et al. In vivo
adjuvant-induced mobilization and maturation of gut dendritic cells after oral
administration of cholera toxin. J Immunol 2004;173:5103–11.
[33] Annacker O, Coombes JL, Malmstrom V, Uhlig HH, Bourne T, Johansson-
Lindbom B, et al. Essential role for CD103 in the T cell-mediated regulation
of experimental colitis. J Exp Med 2005;202:1051–61.
[34] Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y, et al.
A functionally specialized population of mucosal CD103+ DCs induces Foxp3+
regulatory T cells via a TGF-beta and retinoic acid-dependentmechanism. J Exp
Med 2007;204:1757–64.
[35] Jaensson E, Uronen-Hansson H, Pabst O, Eksteen B, Tian J, Coombes JL, et
al. Small intestinal CD103+ dendritic cells display unique functional prop-
erties that are conserved between mice and humans. J Exp Med 2008;205:
2139–49.
[36] Macpherson AJ, Smith K. Mesenteric lymph nodes at the center of immune
anatomy. J Exp Med 2006;203:497–500.
[37] Worbs T, Bode U, Yan S, Hoffmann MW, Hintzen G, Bernhardt G, et al. Oral
tolerance originates in the intestinal immune system and relies on antigen
carriage by dendritic cells. J Exp Med 2006;203:519–27.
[38] Camberis M, Le Gros G, Urban Jr J. Animal model of Nippostrongylus brasilien-
sis and Heligmosomoides polygyrus. In: Coico R, editor. Current protocols in
immunology. John Wiley and Sons Inc.; 2003. p. 191211–27.
[39] Smith DW, Nagler-Anderson C. Preventing intolerance: the induction of non-
responsiveness to dietary and microbial antigens in the intestinal mucosa. J
Immunol 2005;174:3851–7.
[40] Johansson C, Kelsall BL. Phenotype and function of intestinal dendritic cells.
Semin Immunol 2005;17:284–94.
[41] ShortmanK, LiuYJ.Mouse andhumandendritic cell subtypes.Nat Rev Immunol
2002;2:151–61.
[42] Ardavín C. Origin, precursors and differentiation of mouse dendritic cells. Nat
Rev Immunol 2003;3:582–90.
[43] Martin P, Ruiz SR, del Hoyo GM, Anjuère F, Vargas HH, Lopez-Bravo M, et al.
Dramatic increase in lymph node dendritic cell number during infection by the
mouse mammary tumor virus occurs by a CD62L-dependent blood-borne DC
recruitment. Blood 2002;99:1282–8.
[44] Allan RS, Waithman J, Bedoui S, Jones CM, Villadangos JA, Zhan Y, et al. Migra-
tory dendritic cells transfer antigen to a lymph node-resident dendritic cell
population for efﬁcient CTL priming. Immunity 2006;25:153–62.
[45] Chen CC, Louie S, McCormick B, Walker WA, Shi HN. Concurrent infection with
an intestinal helminth parasite impairs host resistance to enteric Citrobac-
ter rodentium and enhances Citrobacter-induced colitis in mice. Infect Immun
2005;73:5468–81.
[46] Ramage JK,HuntRH, PerdueMH.Changes in intestinal permeability andepithe-
lial differentiation during inﬂammation in the rat. Gut 1988;29:57–61.
[47] Röcken M, Urban JF, Shevach EM. Infection breaks T-cell tolerance. Nature
1992;359:79–82.
[48] Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc F, Asselin-Paturel
C, et al. Plasmacytoid dendritic cells mediate oral tolerance. Immunity
2008;29:464–75.
[49] Anthony RM, Urban Jr JF, Alem F, HamedHA, Rozo CT, Boucher JL, et al. Memory
TH2 cells induce alternatively activated macrophages to mediate protection
against nematode parasites. Nat Med 2006;12:955–60.
